segregation with regard to nest-sites (Reynolds et al. 1982 , Speiser & Bosakowski 1987 , Selas 1997 . What is needed is a model including many potential factors, to establish their relative importance (see Potapov 1997 , Steenhof et al. 1997 .
This study attempts to explain the variance in reproduction in Buzzard in Eastern Westphalia, Germany, using a set of 35 variables and multivariate statistical techniques. The aim is to establish the relative importance of competition, habitat, food, weather and phenotype of breeding pairs as factors influencing reproduction in this species.
METHODS

Study site
The 300-km 2 study area (8°25′E and 52°6′N) lies in Eastern Westphalia, Germany (Fig. 1 ). It consists of two 125-km 2 grid squares and 50 km 2 of edge areas. The main habitat is the Teutoburger Wald, a low mountain region reaching a height of 315 m asl. Ridges are covered by Norway Spruce Picea abies and Beech Fagus sylvatica, with Oak Quercus robur and Q. petrea forests at lower altitudes. The secondary habitat is a cultivated landscape to the north and south. In the north, forests are composed mainly of Beech and Oak, whereas Scots Pine Pinus sylvestris dominates in the south. Around 17% of the study site is forested. Most forests are less than 100 years old and the spruce forests are atypical of this region.
Data collection
Population dynamics were monitored from 1989 to 1996, and the habitat was analysed from 1991 to 1996. All forest patches were visited in late winter to look for breeding pairs and all nests of five raptor species were mapped on large-scale maps (Buzzard, Goshawk Accipiter gentilis, Red Kite Milvus milvus, Honey Buzzard Pernis apivorus and Hobby Falco subbuteo) to examine spatial distribution and interspecific competition.
When an incubating female Buzzard was observed in April, that pair was classed as breeding (in contrast to non-breeders who did not occupy a nest). At least three (normally five to ten) visits per nest were made at roughly weekly intervals during the breeding period (beginning of April to beginning of July) to determine breeding outcome. All parameters were recorded through careful observation from the ground. For successful attempts, brood size was recorded and reproduction was defined as the number of fledglings per breeding pair.
A total of 290 breeding attempts were observed between 1989 . Attempts in 1989 were excluded from the analyses because some additional nests might have been missed during the initial phase, and the explanatory data matrix was not complete (the number of Goshawk prey remains could not be measured reliably enough in all territories). Of the remaining 209 attempts, only 106 were included in the analysis. All breeding attempts analysed were taken from the southern grid square and edge areas because, in the northern grid square, human disturbances and Goshawk prey remains could not always be measured reliably due to time constraints (45 attempts). Attempts were also excluded if major changes occurred, i.e. tree cutting (26 attempts), human disturbance (14 attempts) or if the data matrix was otherwise incomplete (18 attempts).
Variables for the analysis (Appendix) were chosen to represent habitat (1-15), weather (16-29), competi- tion (31-33), phenotype of the breeding partners (30, 34) and food (35). A circular area (plot) with a radius of 500 m (78.5 ha) from the occupied nest was chosen, covering approximately 50% of territory size (Mebs 1964 , Rockenbauch 1975 . Variables were measured in the field or on large-scale maps. The Deutscher Wetterdienst (Wallneyer Str. 10, 45133 Essen, Germany) provided grid-specific weather data. Annual temperature and precipitation for the year start in September and end in August. Variables were selected because they could influence breeding success. The variable 'year', the year in which data were collected, was entered as a matrix using dummy variables to test whether there was significant variation between years. Fledging date was recorded and served as a surrogate for laying date. a Voles Microtus arvalis are the main food source of Buzzard in Germany, accounting for 40-95% of the prey (Mebs 1964 , Rockenbauch 1975 , Krüger 2000 . Vole abundance could not be measured in each territory but, for each year, a rank index (low, medium or high) was recorded from three areas (one field and two meadows, each of the three test areas being 100 m 2 ), where re-opened holes were counted in late winter and spring (see Görner & Kneis 1981 , Heise & Wieland 1991 for details of the methodology). The variable thus served as an estimate of the general food supply in each year. Although seemingly crude, the Vole index explains 78% of the population changes in this Buzzard population between years (Krüger 2000) and a rank index of Vole abundance has been successfully used in other studies (Brommer et al. 1998) .
Disturbance from the nearest forest track was measured by counting walkers and joggers per hour, on three random visits of 30 min or one hour duration. The same was done for the nearest street, where the number of cars were counted. Subsequently, the data were reduced to five disturbance categories, from 1 (lowest disturbance) to 5 (highest disturbance). A permanent disturbance was defined as a structural object, such as a house or street. Goshawk activity in the vicinity of Buzzard nests was measured by collecting Goshawk prey remains within 200 m of the Buzzard nest (the 200 m radius was chosen for practical reasons because a 500 m radius would have been too labourintensive). Within this area, a complete search was done and search effort was constant between territories and years. Prey remains at the main prey delivery sites of a Goshawk nest were not counted, because these are normally not a sign of hunting activity at these sites (Fischer 1983) . This avoids misinterpretation of prey remains near occupied Goshawk nests as signs of high Goshawk hunting activity. There is little overlap with regard to prey between the two raptor species in the study area, where 61% of the Buzzard diet are small mammals and 69% of the Goshawk diet are pigeons Columba palumbus and C. livia, Jays Garrulus glandarius and Blackbirds Turdus merula (Krüger & Stefener 1996 , Krüger 2000 . Intra-and interspecific nearest-neighbour distances included non-breeding pairs and single individuals, taking the area where they were most commonly observed as a point to calculate nearestneighbour distances.
Three plumage morphs (dark, intermediate and light) were distinguished, following Glutz von Blotzheim et al. (1971) . Pigmentation patterns of individuals were drawn, moult feathers collected and photographs were taken, which allowed recognition of most individuals in the field (Glaubrecht 1981 , Janes 1984 .
Analyses
Statistical analyses were undertaken using STATISTICA. Spatial non-randomness of breeding attempts was tested using the G-test (Brown 1975 ) to see whether Buzzard breeding attempts were regularly spaced, an indication of intraspecific competition (Brown 1975) . b Before modelling, the mean reproduction for each territory was calculated, which was used in all multivariate analyses to avoid pseudoreplication. This reduced the number of cases from 106 breeding attempts to 37 territory means. Principal component analysis (PCA) was used to reduce the number of independent variables from 35 to nine factors, while retaining 75% of the original information. The most important variables for each factor are given in Table 1 . Only factors with eigenvalues > 1 were included (James & McCulloch 1990) .
Multiple regression with stepwise forward selection, allowing for non-linear terms, was used. Variables were not ranked according to their coefficient, and residuals of the model were checked for normality. The model was checked by running a backward regression model (Hair et al. 1995) . In all cases, the same model was chosen using both procedures.
RESULTS
Population and reproduction dynamics
The number of breeding pairs per year fluctuated between 35 and 55 (Table 2) . Density fluctuated between 13 and 21 pairs per 100 km 2 . Fluctuation was small (< 18% between successive years) except in 1996, when the number of breeding pairs increased by 57%. The percentage of failed pairs varied between 10 and 30% per year and there was no correlation between density and percentage of failed pairs (r = 0.364, df = 6, ns); probably because of the small sample size.
The mean annual reproduction rate varied between 1.08 and 2.05 juveniles per breeding pair (mean = 1.43). The amount of annual variation in reproduction was similar to annual variation in breeding pair numbers (< 34% between successive years). Population density and reproduction rate were not significantly correlated (r = 0.135, df = 6, ns, but note the small sample size). Both population density and brood size were positively correlated with the Vole rank index (r = 0.859, df = 6, P < 0.01 and r = 0.713, df = 6, P < 0.05 respectively), but none of the other population and reproduction parameters.
Multivariate analysis of breeding attempts
Of the 106 breeding attempts, 20 failed, 29 produced one, 45 produced two and 12 produced three fledged young. Breeding attempts were not spaced at random, but regularly over the five years (G-test: G = 0.869, P < 0.05) and in each year (G ≥ 0.8, P < 0.05). Seven of the 35 variables revealed significant partial correlations with reproduction rate (see Appendix). Over 78% of the variation in mean reproduction between territories was explained by five independent variables (F 5,31 = 22.858, P < 0.0001; Table 3 ). This means that Buzzard reproduction decreased with increased Goshawk hunting activity, later egg-laying, rain and more anthropogenic habitat disturbances, while it increased with increasing distance to the nearest conspecific neighbour. Highest reproduction was achieved by pairs of the intermediate morph, while both dark and light pairs had lower reproduction.
The next step was to see if the model would fit new data (Fielding & Haworth 1995) . The breeding data of 1996 were used and new plots from the southern grid square were included because of high population density due to a very high Vole abundance. The most important individual variables of the factors in Table 3 were used because with one year of data, there was no problem of pseudoreplication and individual variables are easier to interpret. Of 28 breeding attempts included, eight were failures, five produced one, 13 produced two, and three produced three fledged juveniles. The number of fledged juveniles as the dependent variable and the non-linear term was used for plumage morph and the results are shown in Table  4 . Number of Goshawk prey remains, laying-date estimate, morphs of the breeding pair and the amount of buildings in the plot were significantly associated with reproduction. Inter-and intraspecific distance did not enter the model, but plots were regularly spaced with regard to intraspecific distance (G-test: G = 0.857, P < 0.05). Although neither variable was a significant predictor, the model explained 80% of the variance in reproduction in 1996.
DISCUSSION
This study attempted to include many different variables in a single analysis of Buzzard reproduction (see Potapov 1997 for another example). The regression model explained a high proportion (78%) of the variance in reproduction rate between territories with only five variables. Among the most important was the competition factor, which measured intra-and interspecific competition. This highlights the potential importance of competition for this Buzzard population even when other factors, such as habitat, food and weather, are included. Similar conclusions have also been reached for a related species, the Rough-legged Buzzard Buteo lagopus, in the Siberian tundra (Potapov 1997) . Intraspecific competition has been shown to influence reproduction rate of several raptors (Schmutz et al. 1980 , Hakkarainen & Korpimäki 1996 , but see Swan & Etheridge 1995) but, with interspecific competition, results differ highly. It is well established that Goshawks and Buzzards have different diets (Uttendörfer 1952 , Cramp & Simmons 1980 , Krüger 2000 , so competition could only occur for good-quality habitat. Indeed, competition between Goshawks and Buzzards for breeding or hunting habitat has been reported (Kostrzewa 1991 (Kostrzewa , 1996 . In an elegant experimental approach, interspecific competition between three owl species (Eagle Owl Bubo bubo, Ural Owl Strix uralensis and Tengmalm's Owl Aegolius funereus) was shown to reduce the fitness of the subdominant species (Hakkarainen & Korpimäki 1996) . Thus, there is good evidence for habitat as a resource for which raptors might compete.
It has been emphasized (Bosakowski et al. 1992 , Krüger 1997 ) that interference competition plays a more important role than exploitative competition, and that interspecific competition is often highly asymmetrical (Schoener 1983) , which fits the results of this study. The presence of a hunting Goshawk (measured by the number of prey remains) in the vicinity of a Buzzard nest might lead to stress for the nesting Buzzard for two reasons. First, Goshawks catch chicks from the nests of other raptors (Kostrzewa 1991 , Meyburg et al. 1995 , which occurred here at least seven times (based on juvenile Buzzards missing from nests which were then found as prey-remains at a Goshawk nest). Second, Goshawks sometimes kill adult Buzzards (Uttendörfer 1952 , Krüger & Stefener 1996 . As a consequence, Buzzard activity might decrease in a Goshawk hunting territory (Kostrzewa 1991) and thus food supply for juveniles might be insufficient. Indeed, there is experimental evidence from the study area that the presence of a Goshawk can reduce reproduction in Buzzards (Krüger 2002) . That intermediate morphs obtained higher reproduction than either dark or light for both sexes, and the fact that morphs are inherited should lead to a monomorphic population. Still, both very dark and light individuals persist at low proportions in the population. Differences between morphs persist into lifetime reproductive success and the most likely reason why the polymorphism persists is heterozygote advantage coupled with assortative mating .
Although competition variables were important predictors, other variables should not be neglected. Significant correlations between weather variables and reproduction rate have been reported (Kostrzewa & Kostrzewa 1990 , 1991 , Sulkava et al. 1994 , Selas 2001 . In particular, increasing rain seems to reduce reproduction rate in this Buzzard population.
Finally, the results emphasize that Buzzards are also affected by anthropogenic disturbances. The important habitat variables were all related to human disturbance, so it seems that differences between territories in terms of reproduction might partially be explained by differences in human disturbance and interference.
While the results seem to be consistent and reliable, some caution is necessary. The model found does not always fit the data (James & McCulloch 1990 ), but since most variables were predictors for both the 1990-95 data set, as well as the independent 1996 data set, the model seems to be reliable. The results emphasize competition and morphs, in contrast to Lack's hypothesis (Lack 1954 (Lack , 1968 ) that food supply is mainly influencing reproduction. However, food supply surely influences reproduction, as demonstrated for a number of raptor species, including Buzzards (Graham et al. 1995 , Austin & Houston 1997 , Sim et al. 2001 . Maybe the Vole index was too crude a parameter to estimate food supply in each territory. However, the approach used here -using a mean reproduction rate per territory over five years -effectively controls for variation in territory quality related to food-supply, hence Vole abundance might influence population density (Krüger 2000) , but might not be as crucial for reproduction rate. Finally, the attempt to explain different data, though from the same area with the same model, showed that these variables are likely to influence reproduction rate in general in the area and are not a consequence of special conditions of some years. Scale dependence is an important issue in bird-habitat models (Wiens et al. 1987 ) so that extrapolation is important to assess the overall predictive power (Fielding & Haworth 1995) . Although it was not possible to use a different area, the inclusion of new plots has provided evidence for the model to be robust. 
ENDNOTES
a. Laying date was estimated as fledging date minus 46 days for the fledging period (Mebs 1964) and minus a further 34 days for the incubation period (Mebs 1964) . For failed breeding attempts, the date when the female was first seen incubating served as an estimate of laying date.
b. The G-test is calculated as the squared geometric mean nearest-neighbour distance over the squared arithmetic mean nearest-neighbour distance, values above 0.65 being considered significantly different from random spacing (Brown 1975 
